Abstract. Originally associated with forested areas, the transmission cycle of American cutaneous leishmaniasis (ACL) has now adapted to the domestic environment in at least 9 Latin American countries. Several studies have suggested that the domestic dog (Canis familiaris), which is already incriminated as the primary reservoir host of zoonotic visceral leishmaniasis (ZVL), may have a reservoir role in the domestic transmission of human ACL caused by Leishmania braziliensis, L. panamensis, and L. peruviana. This article reviews more than 90 studies reporting ACL infections in dogs, and concludes that as yet there is only circumstantial evidence to support that claim. Almost no data are available on the infectiousness of dogs to sandfly vectors of ACL, and there are few indications that either dog ownership or dog abundance are risk factors for ACL. Nevertheless, it has been proposed that incidence of ACL in humans could be reduced by targeting infected dogs. While this control strategy has been used for many decades against ZVL in Latin America, Europe, and Asia, there is little evidence to demonstrate its effectiveness either in theory or in practice. Particular concerns over the sensitivity and specificity of diagnostic tools, low compliance rates among dog owners, and cost-effectiveness are likely to apply equally to ACL control.
domestic environment, and because several studies have reported high infection rates of ACL in dogs, there is a growing belief that they are also reservoir hosts for ACL. As for ZVL, 22 ACL (particularly mucosal and diffuse cutaneous leishmaniasis) could become a major public health problem in urban areas as opportunistic infection in people infected with human immunodeficiency virus (HIV). Indeed, HIV/ ACL coinfections have already been described in Brazil, [23] [24] [25] [26] Peru, 27 and Venezuela. 28, 29 In this paper, we review published studies reporting ACL infections in dogs, and critically assess the current evidence suggesting the dog's reservoir status for ACL. If dogs are reservoir hosts of ACL, dog control may be a feasible intervention strategy, as it is for the control of ZVL in humans. 30, 31 Public health campaigns around the world, notably in Brazil and China, are designed to reduce the incidence of human ZVL by targeting dogs. [32] [33] [34] [35] [36] Except possibly in Europe, 37 dog treatment is an unrealistic intervention in most endemic countries because of its prohibitive cost and relatively poor effectiveness against ZVL (as against ACL). 38 Thus, most dog control campaigns aim to kill infected dogs. 30 In Brazil, for example, approximately 2,000 dogs are killed per month by the Ministry of Health for this purpose, [33] [34] [35] where dogs to be culled are selected following a positive diagnosis of infection, i.e., the detection of Leishmania-specific antibodies in the blood. While this dog control program has been in operation for many decades, it is understandably unpopular with dog owners, 30 and there is little evidence to demonstrate its effectiveness either in theory or practice. 31, 32, 39, 40 In particular, 1) it is likely that a significant proportion of infected dogs are never culled because diagnosis is not 100% sensitive or because of noncompliance by dog owners; 2) positive dogs are generally detected long after they have been infected (because of the infrequency of surveys); and 3) once dogs are culled, the owners typically buy a new (susceptible) puppy. Alternative control strategies, such as dog vaccination, 41 or the use of insecticide-impregnated dog collars, 42 are still in the experimental stage.
CAN DOGS BE INCRIMINATED AS RESERVOIR HOSTS OF HUMAN ACL?
In epidemiologic terms, species may be defined as primary reservoir hosts of a zoonosis if they are able to maintain the endemic transmission of the pathogen in the absence of any other host species, i.e., maintain the basic reproduction number (Ro) above 1. 43 Secondary reservoir hosts are those species whose presence significantly increases Ro, but who are unable to maintain Ro above 1 in the absence of other host species. Finally, accidental reservoir hosts play no role in the transmission cycle, and their presence has no impact on Ro. Thus, if dogs are primary reservoir hosts of ACL, it would be feasible to eradicate domestic transmission by targeting dogs; but if dogs are secondary reservoir hosts, targeting dogs would only reduce (i.e., control) ACL. Any dog control strategy would be ineffective were dogs accidental hosts of ACL.
Since the historical accounts in the first half of this century, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] an increasing number of studies have reported ACL infection in dogs, although many failed to confirm the identification of any Leishmania parasites. In particular, the status of dogs as reservoir hosts of L. peruviana, which is often reported as conclusive, 54-56 is uncertain since Herrer's pioneering studies 57,58 failed to isolate or characterize any parasites. Circumstantial evidence that dogs might act as reservoir hosts (whether primary or secondary) for ACL comes from two observations: 1) Leishmania strains isolated sympatrically from dogs and humans are indistinguishable; and 2) the risk of ACL infection in dogs is correlated with the risk of ACL in humans. Table 1 lists studies that have isolated and identified Leishmania parasites from ACL-infected dogs, 38,59-103 the geographic distribution of which is shown in Figure 1 .
Of course, the identification of parasites from dogs does not distinguish whether dogs are accidental or reservoir hosts. Similarly, the reported coincidence between households with ACL patients and the presence of infected dogs reflects the fact that humans and dogs are likely to be exposed in the same way to the sandfly vector, but is not evidence for dogs being a reservoir of disease. 68, 70, 80, 92, 99, 104 Direct evidence for a reservoir role for dogs depends on the measurement of three parameters, which together determine the probability that a domestic dog population plays a significant role in ACL epidemiology: 108 1) the prevalence of ACL infections in dogs; 2) the biting rate of sandfly vectors on dogs; and 3) the infectiousness of ACL-infected dogs to sandfly vectors. Each of these parameters is examined in detail below. However, in general, the reported measurements of prevalence are difficult to interpret, measurements of the dog biting rate and dog infectiousness are scant, and the threshold values required for all three parameters need to be determined by mathematical modeling.
Measurements of prevalence. Isolation and identification of parasites provides a conclusive but insensitive test for Leishmania infection in dogs, (i.e., there are many falsenegatives), and measurements of prevalence typically depend on less specific diagnostic tools (Table 2) . [109] [110] [111] [112] [113] [114] These include clinical (the detection of characteristic lesions or scars), parasitologic (usually by microscopic inspection of impression smears from lesions), and immunologic diagnosis (detection of a serologic or cell-mediated immune response). Table 2 lists reported studies that provide estimates of the prevalence of ACL in dogs surveyed in different endemic zones. A small number of studies have used more than one diagnostic test, therefore appearing more than once in the table, and permit direct comparisons of sensitivity. For example, in three of four direct comparisons, the ELISA was more sensitive than the immunofluorescence test (IFAT). 84, 94, 96, 116 Similarly, indirect comparisons of sensitivity can also be made by comparing the results for all reported surveys using a specific diagnostic method (Table 2) . 38, 57, 61, [68] [69] [70] 72, 73, 76, 77, 80, 81, 82, 84, 85, 89, 90, 92, [94] [95] [96] [97] [99] [100] [101] 103, Due to their logistic convenience and relatively high sensitivity, serologic tests are the standard tools for identifying Leishmania-infected dogs (Table 2) . However, difficulties associated with the interpretation of seroprevalence data are 1) serology is prone to nonspecific cross-reactions (false-positives), e.g., due to Trypanosoma cruzi infection; 136 2) there may be a delay between infection and seroconversion (i.e., a prepatent period); 110, 112, 113, [137] [138] [139] 3) a fraction of infected dogs may never seroconvert; 137, [140] [141] [142] and 4) seroconversion may not be permanent. 113, 137, 143 Therefore, sensitivity and/or specificity of serologic tests with respect to infection can vary considerably, and may underestimate prevalence and incidence of infection, and thus the scale of the control problem. 31 The development of polymerase chain reaction (PCR)-based methods for Leishmania diagnosis may provide the best gold standards for determining the presence and identity of leishmanial infections. 144 Using the PCR in conjunction with serology should help to determine the extent of subclinical infections in ACL-endemic areas, and also give an estimate of the number of dogs to be targeted within a putative dog control program. The PCR combined with specific DNA probing should also be a relatively sensitive tool, in comparison with the isolation and characterization of parasites, for demonstrating that strains infecting dogs and humans are the same. Several studies have demonstrated that PCR on lesion biopsies is consistently more sensitive for diagnosing ACL in humans than standard diagnostic tools, including in vitro or in vivo culture of lesion biopsies, and microscopic examination of impression smears. 144 The PCR has previously been used to detect Leishmania infections in blood, lymph node, bone marrow, skin, and conjunctival samples from dogs with ZVL, detecting 89-100% of clinically or parasitologically diagnosed infections with 100% specificity 111, 145, 146 and with a positive diagnosis rate almost 60% greater than by serology. 111 Leishmania braziliensis infection has also been detected by PCR on blood samples from ACL patients (active and cured) as well as from humans with asymptomatic infections. 98, [147] [148] [149] In the only pub- lished report on the use of PCR on blood for ACL infected dogs, 98 three dogs were diagnosed with L. braziliensis, but the number tested (i.e., the sensitivity) was not reported.
Reported estimates of ACL prevalence in dog populations (Table 2 ) must be treated with caution because many are based on non-random (e.g., clinically positive) sampling of dog populations, 59, 74, 78, 88, 91, 93, 150, 151 which are mainly designed to provide parasite isolates for species identification and characterization. 60, 62, [63] [64] [65] [66] [67] 71, 79, 83, 86, 87, 98 The biting rate of sandfly vectors on dogs. There appear to be no studies that directly measure the biting rate of ACL vectors on dogs. However, the relative attractiveness of dogs has been measured for a number of ACL vectors, such as Lu. whitmani. 152 The proportion of blood meals taken from dogs (the dog blood index) has been measured for some populations of ACL sandfly vectors, such as Lu. peruensis. 97, 153 This index, usually estimated by the detection of dog antigens (by ELISA or the precipitin test) in wild-caught, blood fed sand flies, 153 will depend on the relative abundance of dogs (in comparison with other potential blood meal sources), sandfly host preferences, and the accessibility of dogs to sand flies. 97, [153] [154] [155] [156] Accessibility is determined by factors such as sandfly dispersal [157] [158] [159] and dog ecology. This may explain why, for example, ZVL prevalence has been found to be higher in hunting dogs than in urban/domestic dogs. 21, 110 Finally, the probability of collecting a sand fly with dog blood will additionally depend on the location of the trap, and an objective measurement of the dog blood index of a sandfly population is therefore rarely attainable.
The infectiousness of dogs to sand flies. Although it is axiomatic that ACL-infected dogs can only be reservoir hosts if they are infectious to sand flies, none of the studies listed in Tables 1 and 2 measured this parameter. Only one small xenodiagnosis study has been reported: 160 Lu. whitmani became infected when made to feed on the lesions of 3 of 9 L. braziliensis-infected dogs, with a mean infection rate on the three infective dogs of 2.7% (5 of 186, range ϭ 1.8-8.3%). No generalizations can be extrapolated from those results due to the low number of replicates, and because sand flies were fed artificially on lesions. Indeed, the L. braziliensis infection rate reported for sand flies fed on dog lesions is less than that reported on humans: 10.4% (10 of 96) for Lu. youngi fed directly on the lesions of eight human patients, all of whom were infectious. 161 Lutzomyia youngi have also been infected when fed on 3 of 6 (asymptomatic) opossums 40-60 days postinoculation with L. braziliensis, with a mean infection rate on the three infectious hosts of 7.3% (4 of 55). 162 These infection rates can be compared with those on ZVL-infected dogs: 13 of 16 naturally L. infantum-infected, seropositive dogs were infectious to Phlebotomus perniciosus fed on the head, with a mean infection rate of 37% (149 of 404). 163 Studies on dogs either naturally or experimentally infected with L. infantum or L. chagasi have shown that 1) asymptomatic dogs can be infectious to sand flies; 162, 164, 165 (2) dogs become infectious to sand flies after a median period of about 200 days; 31 3) infectiousness may be associated with high antibody titers; 162 and 4) the infectiousness of dogs that have serologically recovered and/or clinically healed after treatment tends to decrease temporarily until the dogs relapse. 164, 166 Whether any of these features are true for ACL is unknown.
The course of ACL infection in dogs. The studies reviewed here imply that dogs are readily infected with ACL, but compared with canine ZVL, 110, 112, 113, 137, 138, [141] [142] [143] [167] [168] [169] [170] [171] [172] little is known about the clinical, parasitologic, and immunologic course of canine ACL infections. Combined with xenodiagnosis studies, this information could identify correlates of infectiousness, enabling putative dog control programs to maximize their effectiveness by focusing on those dogs which are infectious. 31 The course of infection will also determine the potential reservoir role of dogs; i.e., the role will be maximized if infectiousness is relatively permanent, rather than if ACL-infected dogs tend to self-heal. If infectiousness is transient, dogs will act as reservoirs only if there is a sufficient recruitment rate of susceptible dogs into the population. This rate in turn will depend on dog demography and on the rate at which infected dogs recover their susceptibility upon healing.
Excluding studies in which the infecting parasite was not identified, 173 descriptions of the course of L. braziliensis infection in dogs come from only four experimental studies. 72, [174] [175] [176] In the first study, 72 lesions developed in 3 of 4 inoculated dogs after 4, 7, or 8 months, and seroconversion occurred within 2-4 months after the appearance of lesions (i.e., giving a serologic prepatent period of 8-11 months); the fourth dog seroconverted within four months but clinical symptoms (a mucosal ulcer) were not detected for another 12 months. In the second study, 174 3 of 6 inoculated dogs developed nodules by 22 days, and 5 of 6 had ulcerated lesions 2 months postinoculation; 6 of 6 seroconverted by day 36 and 5 of 6 had a positive Montenegro skin test (MST) response 5 months postinoculation. In the third study, 175 all 10 inoculated dogs had a positive MST response within 4 months postinoculation. In the last study, 176 18 of 24 inoculated dogs seroconverted within 4 months postinoculation and all developed lesions. These results should be treated with caution since there is considerable variation between the study protocols, sample sizes were small, and the immune response to parasite inoculation may differ from the response to natural infections. However, they are within the same range of prepatent periods (3-25 months) reported for dogs infected with L. chagasi or L. infantum. 21, 110, 112, 113, 138, 141, 143 The only information on the natural serorecovery rates of dogs infected with ACL comes from a single field study that showed that 3 of 14 L. braziliensis-infected dogs healed spontaneously 2-3 months after parasite demonstration, with complete clinical and serorecovery. 80 However, lesions and positive IFAT results reappeared in all three dogs during the 11-month follow-up period. As for humans, it has been suggested that dog immunity to ACL is dependent on host genetic susceptibility since dog breeds seem to differ in their response to infection. 167, 168 The proportion and epidemiologic significance of ACL-resistant dogs in natural populations is unclear, and it remains to be established whether they may be infectious to the sandfly vector. Other factors likely to affect a dog's immune response include host malnutrition, 177 and parasite variation (i.e., strain or species). [178] [179] [180] For example, the course of L. braziliensis infection in dogs can be compared with the results of three reported studies on experimental infections of dogs with L. peruviana: 58,97,173 Leishmania peruviana infections seem to be more benign than L. braziliensis infections, frequently causing asymptomatic infections, with parasitologic and clinical prepatent periods of at least 2 and 2.5 months, respectively. 58, 97 There appear to be no reported studies on the immunologic or parasitologic course of L. panamensis infection in dogs, but positive parasite diagnosis of naturally infected dogs are typically associated with clinical symptoms, e.g., ulcers or depigmentation. 85 Lesions caused by L. panamensis can persist for at least 45 months, although self-healing within 7 or 11 months has also been observed. 85 Dogs as risk factors for ACL. Finally, the most con- . A cohort study of ACL incidence in Peru also identified a slight negative association between dog abundance and ACL incidence in humans. 20 Direct incriminatory evidence would also come from a dog control trial.
Were dogs reservoirs of ACL, dog control programs should be effective in reducing not only canine incidence but human incidence as well. However, so far there is no evidence that targeting dogs with ACL is effective. 38 
CONCLUSION
Current evidence that domestic dogs act as reservoir hosts for the domestic transmission of ACL is largely circumstantial, relying on the isolation and identification of a large number of Leishmania parasites and on the detection of a relatively high prevalence of ACL in dogs surveyed in numerous and widespread endemic sites. On this basis alone, the probability that domestic dogs are reservoir hosts of ACL is no greater than the probability that humans have a reservoir role. 1 Natural infections of ACL have been detected in a range of wild animals frequenting the domestic environment, e.g., opossums and rodents, and their potential role in the transmission cycle of ACL has rarely been addressed. It is suggested that the priorities for future research on the reservoir hosts for domestic transmission cycles of ACL should be 1) comparative xenodiagnosis studies on dogs and other candidate reservoir hosts to measure their infectiousness for sandfly vectors; 2) parasitologic and immunologic studies on the course of infection in dogs to determine the latent period, persistence of infection, and possible correlates of infectiousness; and 3) ecologic and epidemiologic studies to test for associations between the abundance of dogs (and other candidate reservoir hosts) on the transmission rate of ACL in humans. If dogs are reservoir hosts of ACL, dog control may be a feasible intervention strategy, as it is for the control of human ZVL. [31] [32] [33] [34] [35] [36] 39, 40 Research should then focus on the development of diagnostic tools with improved sensitivity and specificity for identifying infectious dogs (e.g., using specific antigens for serology or using the PCR), and on the development of sustainable dog control strategies, such as dog vaccination, 41 
